Objective To describe the relationship between metabolic health parameters and depressive symptoms and perceived stress, and whether the co-occurrence of these two psychological stressors has an additive influence on metabolic dysregulation in adults at different levels of body mass index (BMI) without diabetes. Methods Participants without diabetes (N = 20,312) from the population-based REasons for Geographic And Racial Differences in Stroke (REGARDS) study (recruited between 2003-2007) who had a body mass index (BMI) ≥ 18.5 kg/m 2 were included in this cross-sectional analysis. Mean age of sample was 64.4 years, with 36% African American, and 56% women. Depressive symptoms and perceived stress were measured using brief versions of the Center for Epidemiologic Studies Depression (CES-D-4 item) questionnaire and Cohen Perceived Stress Scale (PSS), respectively. Metabolic health parameters included waist circumference, blood pressure (systolic and diastolic), low-and high-density lipoprotein (LDL, HDL) cholesterol, triglycerides, fasting glucose, and high sensitivity C-reactive protein (hs-CRP). Sequentially adjusted general linear regression models (GLM) for each metabolic parameter were used to assess the association between having both elevated depressive symptoms and stress, either of these psychological risk factors, or none with all analyses stratified by BMI category (i.e., normal, overweight, and obesity).
Introduction
Individuals with obesity are more likely than individuals without obesity to experience elevated blood pressure (BP), elevated triglycerides, low high-density lipoprotein (HDL) cholesterol, elevated fasting glucose, high waist circumference (WC), and chronic inflammation (e.g., C-reactive protein) [1, 2] . These cardio-metabolic abnormalities also increase risk for the development of diabetes and cardiovascular disease (CVD) [3] through a variety of biological pathways, such as insulin resistance, adipocyte dysfunction, and endothelial dysfunction [4] [5] [6] .
While the physiological mechanisms linking obesity, cardio-metabolic risk factors, diabetes, and CVD have been studied extensively, less is known about the influence of psychological factors. Both elevated levels of perceived stress and depressive symptoms have been associated with excess body weight as well as other parameters of metabolic health, such as lipids, blood pressure, and glucose levels [7] [8] [9] [10] [11] [12] [13] . However, many studies examining the association between psychological factors and metabolic health have focused only on depressive symptoms [10, 11, 13] or stress [7] but not both. Limited research has focused on both depressive symptoms and perceived stress, with findings identifying unique associations between these two psychological factors and metabolic parameters as well as related outcomes such as weight loss [8, 14] . However, it remains unclear whether the co-occurrence of depressive symptoms and perceived stress differentially impacts metabolic health when compared to the presence of only one factor.
Further, previous work has generally utilized a dichotomous, composite measure of metabolic health (i.e., presence/absence of metabolic syndrome) [9] [10] [11] [12] . This is particularly noteworthy given that several studies have separately examined individual parameters of metabolic health and have each demonstrated differential associations with stress and depressive symptoms [7, 8, 11, 13] . For example, depressive symptoms were significantly related to elevated triglycerides and BMI but unrelated to HDL, LDL, BP, WC, or glycemia in one study [8] . Yet, another study concluded that depressive symptoms were associated with WC, hypertriglyceridemia, and low HDL, but unrelated to hyperglycemia or high BP [11] . Moreover, other findings suggest that depressive symptoms have the strongest association with HDL levels in women, but the ability to detect associations between depressive symptoms and other components of metabolic health (e.g., triglyceride levels, WC) differs based on how the metabolic components are defined [13] . Specifically, the associations between depressive symptoms and these metabolic components were identified when the authors examined the metabolic components on a continuous scale rather than a dichotomous one (i.e., using cutoff values).
We propose to extend prior research by examining (1) which metabolic health parameters are associated with depressive symptoms and perceived stress, and (2) whether the co-occurrence of depressive symptoms and perceived stress has an additive influence on metabolic dysregulation across excess weight status (i.e., stratified by BMI to normal, overweight, and obesity groups). Such work may have implications for the identification of high-risk individuals as well as the prevention of CVD and diabetes among these individuals. We hypothesized that the presence of depressive symptoms and perceived stress will be independently associated with poorer metabolic health (individual measures examined continuously and dichotomously). We also hypothesized that the combined presence of elevated stress and depressive symptoms will demonstrate a stronger association with poor metabolic health than either risk factor alone. Furthermore, we hypothesized that metabolic health would be poorer with increased combined stress and depressive symptoms when examining these psychological factors using a finer categorical approach (i.e., low, moderate, high).
Methods

Study population
The REasons for Geographic And Racial Disparities in Stroke (REGARDS) study is a population-based, longitudinal cohort study that was designed to examine the incidence and causes of stroke as well as geographical and racial/ethnic disparities in stroke risk factors among North Americans. A description of the study and its methods has been published [15] . Briefly, REGARDS enrolled 30,239 participants aged ≥45 years at baseline (2003) (2004) (2005) (2006) (2007) . In this stratified random sample, 44% were men and 64% were White; 55% were recruited from the southeastern US, while the remaining 45% represented other regions of the contiguous US. Baseline data were collected using a computer-assisted telephone interview (CATI) and an inhome examination. The CATI was conducted by trained research staff, and the in-home examination was conducted by trained health professionals. All study procedures were reviewed and approved by the institutional review boards of participating institutions and all participants provided written informed consent.
The current analyses included participants who had a BMI ≥ 18.5 kg/m 2 and did not have diabetes at baseline. Body mass index (BMI) was measured during the in-home visit and calculated as weight in kilograms divided by height in meters squared. Diabetes was defined as fasting glucose ≥ 5.6 mmol/L, random glucose ≥ 11.1 mmol/L, or self-reported diabetes with use of oral or injectable hypoglycemic medication. After excluding those missing data for BMI, depressive symptoms, or perceived stress and those who indicated that they did not fast overnight, the final sample size for this analysis was 20,312 ( Fig. 1 ).
Participants self-reported smoking status, alcohol use, and physical activity. Smoking status was categorized as 'never smokers', 'current smokers', or 'former smokers' (smoked at least 100 cigarettes in a lifetime). Current alcohol use was assessed with two questions, and participants' consumption was categorized as 'heavy' (>14 drinks per week for men or >7 drinks per week for women), 'moderate' (1-14 drinks per week for men or 1-7 drinks per week for women), or 'none', which is consistent with the National Institute on Alcohol Abuse and Alcoholism (NIAAA) guidelines [16] . Physical activity was assessed with a single item (how often per week do you exercise enough to work up a sweat), and participants were dichotomized as engaging in 'no activity' or 'any activity'. Diet was assessed using the selfadministered Block 98 Food Frequency Questionnaire (FFQ), which was validated with two unannounced 24-h recalls (weekday and weekend) as well as a second FFQ within a year. Mediterranean Diet score was constructed from these data using methods published previously, producing a continuous variable ranging from 0 (low adherence) to 9 (high adherence) [17] .
Main predictor variables
Depressive symptoms and perceived stress were assessed using validated questionnaires. The 4-item version of the Center for Epidemiologic Studies Depression (CES-D) questionnaire was administered during the CATI [18] . This abbreviated version of the CES-D is derived from the original, 20-item version [19] and has been previously validated and demonstrated high correlations (r = 0.87) with the longer, original version [18] . CES-D scores on the 4-item version range from 0 to 12. When examining depressive symptoms from a dichotomous perspective (i.e., 'no depressive symptoms' or 'depressive symptoms'), scores ≥4 were indicative of elevated levels of depressive symptoms [20, 21] . When using a multi-categorical approach, depressive symptoms were defined as 'low' (0), 'moderate' (1-3), or 'high' (4+). Perceived stress was measured during the CATI with the 4-item version of the Cohen Perceived Stress Scale (PSS) [22] . The PSS is a validated measure of participant's perceptions that his/her life is unpredictable, uncontrollable, and/or overcommitted [23] . Scores on this measure range from 0 to 16. When examining perceived stress from a dichotomous perspective (i.e., 'no stress' or 'elevated stress'), a PSS score ≥5 (upper tertile of the scores reported by all participants in REGARDS) was used to classify participants as reporting 'elevated stress'. When using a multi-categorical approach, perceived stress categories were defined using tertiles from the current sample: 'low' (0-1), 'moderate' (2-4), or 'high' (5+). For analyses utilizing dichotomous scoring of responses to both psychological measures (i.e., CES-D and PSS), participants were categorized into one of three groups, i.e., the '3-category approach': (1) no elevations in depressive symptoms or stress, (2) elevations in either depressive symptoms or stress, or (3) elevations in both depressive symptoms and stress. For analyses utilizing the multi-categorical scoring approach, participants were categorized into one of nine groups based on their levels of depressive symptoms and perceived stress (e.g., low depressive symptoms/moderate stress, high depressive symptoms/high stress), described later as the '9-category approach'.
Main outcome variables
The metabolic health parameters assessed were WC, systolic and diastolic blood pressure (SBP; DBP), LDL and HDL cholesterol, triglycerides, fasting glucose, and high sensitivity C-reactive protein (hs-CRP). During the in-home examination, the participant's WC and BP was measured following a standardized protocol. With the participant standing, WC was measured using a tape measure midway between the lowest rib and the iliac crest. After a brief period of rest in a seated position, two blood pressure measurements were taken using an aneroid sphygmomanometer (American Diagnostic Corporation, Hauppauge, NY), and the average of these two measures was recorded. After an ≥ 8-h fast, blood samples were collected during the in-home study visit following standardized protocols. Samples were analyzed at a central laboratory. Samples 
Statistical analyses
All analyses were stratified by BMI: 'normal' (defined as BMI of 18.5-24.9 kg/m 2 ), 'overweight' (defined as BMI of 25-29.9 kg/m 2 ), and 'obesity' (BMI ≥ 30 kg/m 2 ). Sociodemographic characteristics, health behaviors and medication use were compared for participants with elevated depressive symptoms and/or elevated stress and for those who reported neither depressive symptoms nor stress. The Chi-square tests were performed for categorical variables and Student's t-tests for continuous variables. Due to the skewed distribution of the CRP and triglycerides values, a natural logarithmic transformation was used in all analyses. Sequentially adjusted general linear regression models (GLM) were used to examine associations between psychological symptoms and metabolic outcomes. Two different approaches were used to evaluate these associations. First, a 3-category psychological symptom approach was used to determine the association between individuals with both elevated depressive symptoms and stress, either of these psychological risk factors but not both, or none (referent group) with metabolic parameters. Second, a more graded combination of psychological symptoms (i.e., the 9-category approach) was used to evaluate the associations between depressive symptoms and/or stress and individual metabolic outcomes. GLM models were constructed separately for each metabolic parameter, including WC, fasting glucose, hs-CRP, HDL, LDL, triglycerides, SBP, and DBP. The crude model estimated means and mean difference for each metabolic parameter across all stress-depressive symptoms groups. Model 1 adjusted for sociodemographics (self-reported age, race, sex, household income, and education level), model 2 added adjustments for health behaviors (alcohol, smoking, physical activity, and diet) to model 1 covariates and, finally, model 3 added antidepressant use to model 2 covariates. All models of SBP and DBP additionally adjusted for the use of antihypertensive medications. All adjusted GLM models estimated a difference in least square adjusted means and 95% confidence interval (CI) for each continuous metabolic parameter across all stress-depressive symptoms groups. For the 3-category approach, the 'no depressive symptoms, no stress' group was the referent group. For the 9-category approach, the 'low depressive symptoms, low stress' group was the referent group. We additionally used unadjusted Chi-square tests to compare categorical metabolic parameters across all stress-depressive symptoms groups within the BMI strata. If covariates were missing for a model, the observations were not included in the analysis; the respective sample size for each analysis is shown by n total. There were less than 0.5% missing from the parameters of WC and BP. The parameters of fasting glucose, LDL, HDL, and triglycerides had between 3-5% missing. Hs-CRP had the most missing with up to 6.5% missing across BMI groups. Mediterranean Diet score, which was a covariate in Models 2 and 3, had 23% missing among the normal BMI, 25% missing among the overweight BMI, and 29% missing among the obese BMI group. All analyses were performed using SAS Version 9.4 (SAS Inc, Cary, NC).
Results
Baseline characteristics
Characteristics of the study sample (N = 20,312) are summarized in Table 1 . In general, participants reporting elevated psychological symptoms (i.e., depressive symptoms, perceived stress) were more likely to be younger, female, African American, have lower levels of education, less income, and not married. In addition, rates of smoking and physical inactivity were higher and adherence to a Mediterranean diet was lower among participants reporting elevated psychological symptoms. In contrast, alcohol use was inversely related to psychological stressors.
Psychological stressors and individual indicators of metabolic dysfunction
3-Category approach
In unadjusted models, the presence of elevated depressive symptoms and/or stress was associated with several parameters of metabolic health, including lower WC, SBP, and higher CRP, HDL, and LDL ( Table 2 ). After adjustment for sociodemographic variables, the associations between depressive symptoms and/or stress and the following metabolic parameters were observed: higher CRP and lower SBP remained statistically significant; the direction of the associations changed to higher WC and lower HDL; a new association emerged with lower DBP; and the association with LDL was attenuated. Furthermore, with the addition of health behaviors (Model 2) and antidepressant medication use (Model 3) to the models, the associations between depressive symptoms and/or perceived stress and higher WC and lower SBP remained significant only among the obesity group, whereas the association with lower DBP remained significant among the normal BMI and overweight groups. Of note, the associations between psychological symptoms and WC were most pronounced when both depressive symptoms and perceived stress were present as compared to when only one of these psychological constructs was reported, and this was more apparent across increasing BMI categories. In contrast, fasting glucose and triglycerides were generally unrelated to elevated depressive symptoms or stress in unadjusted or adjusted models ( Table 2 ). The R 2 was determined as a measure of model fit for Model 3 of the dichotomously-scored psychological predictors of metabolic health analyses (see Supplementary  Table 1 ). Model fit for Model 3 was determined as it had the maximum predictors of our models. The R 2 for WC had the highest R 2 ranging from 0.13 in the obesity BMI group to 0.325 in the normal BMI group (i.e., 32.5% of the variation in WC was explained by the model). Glucose had the lowest R 2 ranging from 0.013 in the obesity BMI group to 0.053 in the normal BMI group. Additional analyses (Table 3) included previouslydefined clinical (i.e., cutoff score) indicators of metabolic dysfunction. Across all BMI groups, there were increases in the prevalence of larger WC (>102 cm for men or >88 cm for women) and high CRP (≥3 mg/dL) when depressive symptoms or stress were elevated. For normal BMI and overweight groups, there were increases in the prevalence of low HDL (<1.04 mmol/L for men or <1.3 mmol/L for women) when depressive symptoms or stress were elevated. When depressive symptoms and elevated stress were both present, increases in the prevalence of high LDL (≥4.1 mmol/L) was observed in the normal BMI group only, whereas increases in the prevalence of high triglycerides (≥1.7 mmol/L) were observed in the obesity group only ( Table 3) .
9-Category approach
Tables 4, 5, and 6 display the results of the GLM analyses examining associations between combinations of low, moderate, and high levels of depressive symptoms and stress and the metabolic outcomes. In unadjusted models, moderate to high stress levels in the absence of high depression levels were associated with lower WC in the normal BMI and obesity groups. However, these associations were attenuated with the addition of covariates to the models. Alternatively, in unadjusted models in the overweight group, moderate to high levels of stress across depressive symptom levels were associated with lower WC. Most of these associations were attenuated when covariates were added to the models, except for individuals in the overweight group who reported combined stress and depressive symptoms. These individuals had higher WC in Model 1 (with the addition of sociodemographics to the model) but the association was attenuated in Model 2 when health behaviors were added to the model.
In unadjusted models, moderate to high levels of depressive symptoms with high stress were associated with higher CRP across all BMI groups. These associations are attenuated with the addition of covariates in the overweight and obesity groups, and the association with the normal BMI group also became non-significant after sociodemographics were introduced in the model. In the overweight group, moderate levels of both stress and depressive symptoms together were associated with higher levels of HDL in unadjusted analyses though this association was attenuated when covariates were added. Similarly, in the obesity group, when depressive symptoms were high and stress was moderate in combination or vice versa (i.e., high depressive symptoms-moderate stress, moderate depressive symptoms-high stress), there was an association with higher HDL and LDL in unadjusted analyses, but the associations were attenuated when covariates were included in the model.
There was generally a lack of associations between any level of perceived stress and/or depressive symptoms and fasting glucose, triglycerides, SBP, and DBP across BMI groups. In the normal BMI group, any level/combination of psychological symptoms was also unrelated to HDL and LDL, whereas only LDL was unrelated to psychological symptoms in the overweight group.
Discussion
In this cohort of adults with a diverse BMI range and without diabetes, the presence of elevated depressive symptoms and/or perceived stress were generally associated with higher WC, higher CRP, and lower HDL. The most robust and consistent associations were observed for WC, which remained significant after covariate adjustments. Additionally, CRP was also consistently associated with psychological symptoms across BMI groups. However, sociodemographic factors and health behaviors appeared to account for these relationships, suggesting that healthy lifestyle factors may attenuate the association between psychological distress and inflammation. Moreover, the aforementioned associations were generally stronger when elevations in depressive symptoms and perceived stress cooccurred compared to when only one of these psychological factors was present. The findings regarding HDL and BP differed based on analytical approach, suggesting that there may be utility in using a multidimensional approach to defining psychological symptoms and metabolic parameters and that each parameter/symptom may require a unique approach for interpretation. Fasting glucose, triglycerides, and LDL parameters were mostly unrelated to depressive symptoms and/or perceived stress after adjusting for sociodemographic variables.
Our results are consistent with prior research that demonstrates significant relationships between depressive symptoms and/or perceived stress and metabolic syndrome, which is a clustering of related but distinct metabolic parameters that typically includes abdominal obesity, triglycerides, blood pressure, glucose, and HDL [25] . However, our results suggest that psychological stressors may have distinct associations with individual metabolic parameters and not others, and thus, examining a composite measure of metabolic health that includes all of these parameters may fail to capture some of the variability in associations. This is also consistent with previous studies that have found that individual components of metabolic health demonstrate differential associations with stress and depressive symptoms [8, 11, 13] . For instance, the findings that WC were most consistently and strongly associated with psychological distress is consistent with previous literature demonstrating associations between WC, depressive symptoms [27] , and perceived stress [28, 29] . Notably, these associations remained after adjustment for sociodemographic factors, lifestyle behaviors, and antidepressant use only in the obesity group suggesting that the strength of the association between WC and psychological factors is strongest among these individuals. These findings imply that assessment and intervention efforts for obesity, and perhaps central adiposity more specifically, should include mental health components.
Furthermore, along with conventional parameters used to conceptualize metabolic syndrome, we included CRP as an additional indicator of metabolic health. CRP provides a measure of inflammation and thus is often viewed as an inflammatory biomarker. However, we have characterized CRP as a metabolic marker in the context of this study given that it may be particularly relevant for understanding metabolic dysregulation as well as related risk factors and subsequent health outcomes [26, 30] . Psychological stressors may result in elevated inflammation, which also impacts metabolic parameters [31] . In line with this, our data demonstrate correlations between CRP and certain metabolic parameters, as well as both perceived stress and Supplementary Tables 2-4 ). While psychological symptoms were most consistently associated with higher CRP when there was high stress in combination with moderate to high depressive symptoms, lifestyle factors attenuated these associations. Thus, lifestyle factors such as healthy diet and physical activity may have a protective effect on inflammation levels in the context of psychological distress, which is consistent with previous research; however, the cross-sectional nature of the current study limits our ability to directly test this suggestion [32, 33] . In addition, alternative measures of inflammation (e.g., tumor necrosis factor alpha; TNF-α) may contribute additional insights beyond CRP [32] . The findings regarding HDL differed based on the approach to analysis, with the clearest findings suggesting that there was a consistent association across BMI groups between the presence of elevated depressive symptoms and/ or perceived stress and lower HDL when using a simpler (yes-no; cutoff values) versus more complex (graded; continuous) approach to both psychological symptoms and HDL. Interestingly, BP parameters tended to be slightly lower in individuals who reported either depressive symptoms or perceived stress (only one or the other), and this association remained significant with covariate adjustment and was consistent across BMI groups. However, in general, these associations were not found when examining BP using cutoff values or viewing psychological symptoms in a more graded fashion.
This study examined the individual and combined associations of two psychological stressors with metabolic health, which has not typically been the focus of previous research [7, 11, 13] . The co-occurrence of elevated depressive symptoms and elevated perceived stress was more strongly associated with several parameters of metabolic health than only one of these psychological constructs. This is consistent with another REGARDS investigation that examined the individual and combined associations of these two psychological risk factors with cardiovascular outcomes, including stroke, myocardial infarction, and cardiovascular-related death, among participants with and without diabetes [34] . Among those with diabetes, the combination of both elevated depressive symptoms and perceived stress was associated with higher cardiovascularrelated mortality than either single psychological factor alone. Therefore, including mental health care options such as cognitive-behavioral therapy techniques and stress management in the treatment plan may improve metabolic health status or prognosis for patients with/at risk for metabolic impairment who demonstrate combined stress and depressive symptoms. Moreover, past research has demonstrated that metabolic impairment and psychological symptoms uniquely predict cardiovascular mortality risk [35] , which underscores the importance of treating both metabolic impairment and psychological distress simultaneously when possible.
Most commonly, the associations between psychological stressors and metabolic dysfunction are conceptualized as stressors leading to impairments in metabolic health [36] . If psychological stressors, including depression and perceived stress, result in metabolic dysregulation, then this could occur via several pathways. First, depressive symptoms, stress, and other psychological risk factors may produce hyperactivity of the hypothalamo-pituitary-adrenal (HPA) axis and excess production of glucocorticoids, which can have adverse effects on a variety of metabolic processes and outcomes [37, 38] .
Alternatively, psychological stressors may be related to the adoption or maintenance of specific behaviors, such as smoking, inactivity, or poor dietary habits, that may have adverse effects on subsequent metabolic health [39, 40] . Indeed, a previous study examining behavioral and pathophysiological contributors to CVD risk showed that behavioral factors (i.e., smoking, alcohol use, physical inactivity) explained 65% of the variance in CVD events compared to 18.5% by pathophysiological factors [40] . In our study, the associations of depressive symptoms, perceived stress, and most metabolic parameters were attenuated and not statistically significant after accounting for smoking, physical inactivity, alcohol intake, and diet. This is consistent with a similar study which demonstrated that psychological distress increased the risk of metabolic syndrome, but the relationship was attenuated when accounting for health behaviors [41] . Together, these findings highlight the potential attenuating effect that healthy living can have on the association between psychological distress and metabolic impairment. These findings would benefit from further investigation in the form of clinical trials.
The association of psychological factors with metabolic health may be bi-directional, such that psychological factors may increase the risk for metabolic dysregulation and metabolic dysregulation may increase psychological distress over time [12] . Metabolic dysregulation is a generally accepted risk factor or precursor for cardiovascular disease and diabetes [42, 43] , and psychological stressors (and depressive symptoms in particular) have been associated with cardiovascular and diabetes morbidity and mortality [44, 45] . Thus, it is important to better understand the relationship between psychological stressors and metabolic dysfunction, as it could have clinical implications for assessment and intervention targets in individuals at risk for or with overweight/obesity. Current findings should be interpreted within the context of the study's strengths and limitations. Strengths include the large and diverse population-based sample; objective measurements of anthropometric and other cardiometabolic parameters; and the assessment of both measures of psychological stressors using validated questionnaires (i.e., depressive symptoms and perceived stress). Potential limitations include the use of abbreviated versions of lengthier, validated scales to assess psychological factors. Also, because these analyses were cross-sectional, we are unable to draw causal inferences or determine the directionality of the associations between depressive symptoms, perceived stress, and indicators of metabolic health. Finally, REGARDS enrolled North American participants only, so these findings may not be generalizable to other regions or groups disproportionately impacted by obesity and weightrelated conditions. Future research may be able to address some of the limitations of the current investigation, such as longitudinal research on cardiometabolic dysfunction and psychological stressors examining directional relationships and their potential pathways among individuals with overweight and obesity in an ethnically/racially diverse group.
In conclusion, our hypotheses were partially supported such that elevated depressive symptoms and/or perceived stress were typically associated with specific metabolic parameters, including higher waist circumference, HDL, and CRP, among adults with overweight and obesity. Furthermore, the associations between these metabolic parameters and psychological stressors were stronger in individuals with co-occurring elevations in depressive symptoms and perceived stress, rather than one of these psychological stressors alone. Our findings suggest that further examination of the nature and direction of the associations between psychological stressors and these specific metabolic parameters may inform clinical care of individuals with overweight and obesity.
